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Melatonin inhibits nitric oxide production by
microvascular endothelial cells in vivo and in vitro
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Background and purpose: We have previously shown that melatonin inhibits bradykinin-induced NO production by
endothelial cells in vitro. The purpose of this investigation was to extend this observation to an in vivo condition and to explore
the mechanism of action of melatonin.
Experimental approach: RT-PCR assays were performed with rat cultured endothelial cells. The putative effect of melatonin
upon arteriolar tone was investigated by intravital microscopy while NO production by endothelial cells in vitro was assayed by
fluorimetry, and intracellular Ca2þ measurements were assayed by confocal microscopy.
Key results: No expression of the mRNA for the melatonin synthesizing enzymes, arylalkylamine N-acetyltransferase and
hydroxyindole-O-methyltransferase, or for the melatonin MT2 receptor was detected in microvascular endothelial cells.
Melatonin fully inhibited L-NAME-sensitive bradykinin-induced vasodilation and also inhibited NO production induced by
histamine, carbachol and 2-methylthio ATP, but did not inhibit NO production induced by ATP or a, b-methylene ATP. None
of its inhibitory effects was prevented by the melatonin receptor antagonist, luzindole. In nominally Ca2þ -free solution,
melatonin reduced intracellular Ca2þ mobilization induced by bradykinin (40%) and 2-methylthio ATP (62%) but not Ca2þ

mobilization induced by ATP.
Conclusions and implications: We have confirmed that melatonin inhibited NO production both in vivo and in vitro. In
addition, the melatonin effect was selective for some G protein-coupled receptors and most probably reflects an inhibition of
Ca2þ mobilization from intracellular stores.
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine), the hormone

produced by the pineal gland, acts as an endocrine transducer

of photoperiodic information, although extra-pineal sources

account for paracrine and/or autocrine actions (Pontes et al.,

2006). Endothelial cells were previously considered as a

putative extra-pineal source of melatonin (Kvetnoy, 1999),

although the key enzyme involved in its synthesis, namely

arylalkylamine N-acetyltransferase (AA-NAT) and also hydro-

xyindole-O-methyltransferase (HIOMT), have not yet been

investigated. Melatonin modulates endothelial cell function

in vitro by inhibiting bradykinin-induced nitric oxide (NO)

production (Tamura et al., 2006) and in vivo by inhibiting

neutrophil rolling and adherence (Lotufo et al., 2001).

In mammals, melatonin targets three distinct high-affinity

melatonin receptors (MT1, MT2 and MT3). MT1 and MT2
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melatonin receptors belong to the heptahelical G-protein

coupled receptor family, whereas the MT3 receptor is known

as the enzyme quinone oxidoreductase 2 (Dubocovich and

Markowska, 2005). Despite some controversy, melatonin has

also been described as a ligand for cytoplasmic proteins

(Benitez-King et al., 1993) and for a family of orphan nuclear

hormone receptors (retinoic acid receptor-related orphan

receptor/retinoid Z receptor) (Boutin et al., 2005).

Putative melatonin receptors in arteries were first identi-

fied in rat brain and tail by autoradiography using 2-[125I]-

iodomelatonin (Viswanathan et al., 1990; Seltzer et al., 1992;

Capsoni et al., 1994). More recently, functional assays in vitro

suggested that melatonin is involved in the control of

vasomotor tone and acts via receptors located in the

myocytes (Masana et al., 2002) and/or in the endothelium

(Geary et al., 1998; Yang et al., 2001). In another experi-

mental model, melatonin was shown to inhibit the rolling of

leukocytes on the venular endothelial layer in vivo by

stimulating MT2 melatonin receptors (Lotufo et al., 2001).

Antisense [33P]-labeled oligonucleotide probe specific for

MT2 melatonin receptors hybridized to the three layers of rat

caudal artery (tunica adventitia, media and intima), suggest-

ing that endothelial cells express MT2 melatonin receptors

(Masana et al., 2002). A previous pharmacological analysis of

the inhibitory effect of melatonin on bradykinin-induced

NO production in cultured endothelial cells precludes

mediation by MT2 melatonin receptors, as it is not inhibited

by the selective antagonist 4-phenyl-2-propionamidotetralin

(4P-PDOT) (Tamura et al., 2006).

In resting endothelial cells, the constitutive endothelial

nitric oxide synthase (eNOS) is located in the plasmalemmal

caveolae associated with the inhibitory protein caveolin.

Elevation of intracellular Ca2þ disrupts the caveolin/eNOS

complex, thereby favoring eNOS translocation from the

plasma membrane and its subsequent activation, ultimately

resulting in the conversion of its substrate L-arginine into L-

citrulline and NO (Dudzinski et al., 2006). In some vascular

beds, the endothelium-dependent vascular relaxation in-

duced by laminar shear stress or Ca2þ mobilization through

G-protein coupled receptors is mediated by NO (Cocks,

1996). In addition, it was recently shown that eNOS also

regulates vascular permeability, linking this enzyme to a key

event of the inflammatory process (Hatakeyama et al., 2006).

The purpose of this investigation was to determine if

melatonin could inhibit endothelial production of NO in

vivo and to explore the mechanism of action of the pineal

hormone with regard to modulation of NO activity. Firstly,

we determined whether endothelial cells express the mRNA

for two enzymes involved in the biosynthesis of melatonin,

AA-NAT and HIOMT and also for MT2 melatonin receptors.

Then, we evaluated the effect of melatonin on other agonists

such as carbachol, histamine, adenosine triphosphate (ATP)

and analogues, and finally we investigated the relevance of

intracellular Ca2þ mobilization to the melatonin-induced

decrease in NO production.

We report here that endothelial cells from rat microcircu-

lation did not express the enzymes, AA-NAT and HIOMT or

MT2 melatonin receptors. In functional assays in vivo,

melatonin inhibited N$-nitro-L-arginine methyl ester (L-

NAME)-sensitive mesenteric arteriolar vasodilation induced

by bradykinin. The NO production induced by histamine

and carbachol in vitro was also inhibited by melatonin, as

observed previously with bradykinin (Tamura et al., 2006);

however, melatonin did not inhibit the effect of ATP. Two

other agonists that activate ligand-gated ion channel P2X

receptors (a,b-methylene ATP) and metabotropic P2Y recep-

tors (2-methylthio-adenosine triphosphate (2-methylthio

ATP)) also elicited NO production by endothelial cells, but

only the effect of the latter agonist was inhibited by

melatonin. The inhibitory effect of melatonin on these

agonists of G-protein coupled receptors seems to be partly

related to an inhibition of Ca2þ mobilization from intracel-

lular stores.

Methods

All animal procedures were performed according to approved

institutional protocols and in accordance with recommenda-

tions for the proper use and care of laboratory animals.

Animals were kept under a light/dark cycle of 12/12 h and

had access to water and food ad libitum.

Endothelial cell culture

Primary cultures of microvascular endothelial cells were

obtained from rat cremaster muscle according to a method

described previously (Tamura et al., 2006). Male Wistar rats

weighing about 250 g were anesthetized by ether inhalation

and killed by decapitation. The cremaster muscle was

isolated, washed with phosphate saline solution (mM: NaCl

125, Na2HPO4 2, NaH2PO4 2 and KCl 5) and cut into pieces

of approximately 2�2 mm. Two pieces were placed into a

24-well culture plate, Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with gentamicin (40 mg l�1) and

20% fetal bovine serum was added, and the cells were

cultured in a humidified incubator at 371C with 5% CO2 for

48 h. After this period, the explants were removed and the

medium was changed every 48 h. Cultured cells were

characterized using flow cytometry analysis as described by

Lotufo et al. (2006), which showed only one population of

cells positively labeled with the monoclonal antibody

selective for platelet-endothelial cell adhesion molecule 1

(PECAM-1), a classical marker of endothelial cells (data not

shown).

Total RNA isolation and quantification

Total RNA was extracted from confluent primary cultured rat

endothelial cells with TRIzol and chloroform–isopropanol –

75% ethanol (in diethyl pyrocarbonate-treated water) ac-

cording to the manufacturer’s instructions. Each endothelial

sample consisted of two wells of a 24-well plate culture from

different cultures. Rat pineal glands obtained from animals

killed during the light phase of the day were used as controls

(de Almeida-Paula et al., 2005). The optical density (OD) of

each sample was determined using an ultraviolet (UV)-visible

spectrophotometer (GeneQuant, Amersham Pharmacia

Biotech, Cambridge, UK) for quantification of RNA content.
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The RNA samples used in the following steps had OD l260/

l280 ratios ranging from 1.8 to 2.0.

Reverse transcription

Single-stranded complementary DNA (cDNA) was generated

from 0.5 mg of total RNA using 1 ml (50 ng) of random primers

and 1 ml of 10 mM deoxyribonucleotide triphosphate mix

(dNTP) (651C, 5 min), followed by the addition of 4 ml of

5� polymerase chain reaction (PCR) buffer (supplied with

transcriptase) and 2 ml of 0.1 M dithiothreitol (251C for

2 min), and finally 1ml of SuperScript II reverse transcriptase

(RT) (200 U) in a final volume of 20 ml. The RT mixture was

incubated (251C, 10 min; 421C, 50 min and 701C, 15 min) to

promote cDNA synthesis. cDNA samples were stored at

�201C for up to 1 week.

Real time RT-PCR for AA-NAT and HIOMT

Reactions were performed in a 25 ml final volume using 1 ml

cDNA or water (negative control), 300 nM (Aa-nat and hiomt)

or 50 nM (18S) of sense and antisense primers and 12.5 ml 2�
iQ SYBR Green Supermix (including iTaq DNA polymerase)

(Bio-Rad Laboratories, Hercules, CA, USA). Real time-PCR

amplification and quantification were performed with an i-

Cycler thermal cycler (Bio-Rad Laboratories, CA, USA) as

follows: denaturation for 7 min at 951C, followed by 40

cycles of 10 s at 951C and 1 min at 601C. Rat pineal glands

were used as a positive control for Aa-nat and hiomt mRNA

expression. Therefore, rat pineal glands were kept in BGJb

medium supplemented with 2 mM glutamine, 100 U ml�1

penicillin and 10 mg ml�1 streptomycin for 48 h (371C, 95%

O2/5% CO2), and in the last 5 h glands were treated with

noradrenaline (0.1 mM at 371C and 95% O2/5% CO2) as

described previously (Fernandes et al., 2006).

Primers for rat Aa-nat, hiomt and 18S ribosomal RNA were

synthesized by Biosource International Inc. (Camarillo, CA,

USA). Aa-nat: forward: 50-AGCGCGAAGCCTTTATCTCA-30,

reverse: 50-AAGTGCCGGATCTCATCCAA-30; hiomt: forward:

50-AGCGCCTGCTGTTCATGA-30, reverse: 50-GGAAGCGTGA

GAGGTCAA-30; 18S: forward: 50-CGTCTACCACATCCAAG

GAA-30, reverse: 50-GCTGGAATTTACCGCCGGCT-30.

The cycle threshold (CT) determination was performed

considering the threshold as close as possible to the base of

the exponential phase. The mean CT value of the pineal

gland was used as a calibrator, and the relative amount of

RNA was calculated using the equation 2�DDC
T , where DDCT is

the DCT (pineal gland) – DCT (noradrenaline-treated pineal

gland or endothelial cells) and DCT is CT (test gene) – CT

(control gene; 18S RNA).

RT-PCR for MT melatonin receptors

Oligonucleotide primers specific for MT2 melatonin recep-

tors were designed as described previously (de Almeida-Paula

et al., 2005) and consisted of the sequence: 50-CATC

CACTTCCTCCTTCCAA-30 (forward) and 50-TGCAAGGC

CAATACAGTTGA-30 (reverse) (predicted size 201 bp, primer

locations 123–142 bp and 323–304 bp). In the PCR, 1ml of

cDNA, 0.3 ml of Platinum Taq DNA polymerase (5 U ml�1),

0.5 ml of 10 mM dNTP mix, 2 ml of each primer (10 pmol ml�1),

2.5 ml of 10� PCR buffer and 1.5 ml of 50 mM MgCl2 (all

Invitrogen, Carlsbad, CA, USA) were used in a final volume

of 25 ml. The PCR reaction started with 2 min denaturation at

951C followed by 35 cycles of 30 s denaturation at 951C, 45 s

annealing at 601C and 1 min extension at 721C, and ended

with a final cycle of 10 min at 721C. The PCR was performed

with the Eppendorf Master Cycler gradient in duplicate. A

10 ml aliquot of each sample (from endothelial cells, pineal

gland and negative control) was run on a 1.8% agarose gel

stained with 1% ethidium bromide for approximately 25 min

at 100 V. The gel was visualized with an UV transilluminator

and photographed using a UV gel electrophoresis camera

(de Almeida-Paula et al., 2005).

High performance liquid chromatography measurements

To assess if endothelial cells produce melatonin, we incu-

bated endothelial cells in culture, with the melatonin

precursor, N-acetylserotonin (20 mM), for 5 h (371C, 95% O2/

5% CO2). Controls were performed by incubating rat pineal

glands with 20 mM N-acetylserotonin for the same period

(final volume 200ml). Melatonin present in the supernatant

was measured by high performance liquid chromatography

according to Ferreira et al. (1994). Briefly, the indoleamine

was separated on a Resolve C18 reversed-phase column (5mm,

150�3.9 mm internal diameter from Waters, Milford, MA,

USA). The chromatographic system (Shimadzu, Kyoto,

Japan) was isocratically operated with the following mobile

phase: 0.1 M citric acid, 0.15 mM ethylenediaminetetraacetic

acid, 25% methanol, pH 3.7 at a flow rate of 0.7 ml min�1).

The detector potential was adjusted to þ0.90 V (vs Ag/AgCl

reference electrode). The supernatant (20 ml) was injected

into the chromatographic system. Using a calibration curve

with melatonin, the lower limit of detection of melatonin

with our system was 0.25 ng ml�1.

Intravital microscopy

Intravital microscopy assays were performed according to

methods described previously (Lotufo et al., 2001). Briefly,

male Wistar rats (about 200 g) were anesthetized with

sodium pentobarbital (65 mg/kg intraperitoneal), the abdo-

men was carefully opened with a small midline incision and

the rat was placed on its right side. Thereafter, a segment of

the mid-jejunum was removed and placed over an optically

clear viewing platform to be transilluminated. The animals

were kept on a special board thermostatically controlled at

371C. The exposed mesentery was kept moist and warm by

irrigating the tissue with warmed Ringer–Locke solution

(mM: NaCl 154, KCl 5.6, CaCl2 2, NaHCO3 6 and glucose 5;

pH 7.2–7.4) containing 1% gelatin. Transilluminated images

were obtained with an Axioplan optical microscopy (Carl

Zeiss, New York, NY, USA) equipped with 5.0/0.30� plan-

neofluar or 10.0/0.25� Achroplan longitudinal distance

objectives/numeric aperture and 1.0� , 1.25� or 1.60�
optovar. The images were captured by a video camera (ZVS,

3C75DE, Carl Zeiss), transmitted simultaneously to a TV

monitor and a computer and recorded on videotape.

Analysis of digital images on the computer monitor was
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performed with KS 300 software (Kontron ElektroniK,

Hallbergmoos, Germany).

After choosing a field with a continuous blood flow, the

inner diameter of a third-order arteriole (mean value 19.2mm)

was measured and defined as a basal diameter. Changes in the

arteriole diameter induced by pharmacological treatment were

determined and expressed as percent variation from basal

diameter. All drugs were topically added to the vessel in a

standard volume of 10ml. Bradykinin (1mM) was added in the

absence or in the continuous presence of either L-NAME

(500mM) or melatonin (1nM) added 2min previously.

Fluorescence measurements

Nitric oxide measurements. Endothelial NO production was

determined by spectrofluorimetry as described previously

(Tamura et al., 2006). Briefly, NO released by endothelial cells

for a 30-min period was measured using fluorimetric assays

according to methods described elsewhere (Nakatsubo et al.,

1998). Cultured endothelial cells were incubated with 2 mM 4-

amino-5-methylamino-20,70-difluorofluorescein diacetate

(DAF-FM DA, Molecular Probes, Eugene, Oregon, USA),

which is very selective for NO (Balcerczyk et al., 2005) and

reacts with NO to yield fluorescent triazolofluorescein

(Kojima et al., 1999). Primary endothelial cells were seeded

onto 96-well culture plates, grown to confluence and then

washed with a physiological solution (mM: NaCl 140, KCl 5,

MgCl2 1, CaCl2 2, glucose 5 and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 5; pH 7.4) supple-

mented with L-arginine (1 mM) (Kimura et al., 2004). Cells

were then incubated at 371C for 30 min with DAF-FM in

the absence (basal) or presence of histamine (10 mM),

carbachol (100 mM), ATP (100 mM), a,b-methylene ATP

(100 mM) or 2-methylthio ATP (30 mM). Alternatively, these

drugs were added in the presence of melatonin (1 nM) for

30 min. Experiments using the nonselective MT receptor

antagonist, luzindole (N-acetyl-2-benzyltryptamine) (10 mM),

were preceded by a preincubation period of 60 min at

371C followed by the addition of melatonin and the agonists

for another 30 min in the continued presence of the

antagonist. The cellular supernatants (300 ml) were collected,

added to a white microplate and the fluorescence was

measured with a fluorimeter (Victor, Perkin-Elmer, Wellesley,

MA, USA) using filters at 488 and 514 nm for excitation and

emission, respectively. Because melatonin, DAF-FM and

luzindole are all photosensitive, these experiments were

performed in the dark.

Intracellular Ca2þ measurements

Relative changes in endothelial cytosolic Ca2þ were deter-

mined with a confocal laser-scanning microscope (LSM 500,

Carl Zeiss) using the fluo-3 AM fluorescent probe (Molecular

Probes) (Tamura et al., 2006). Briefly, endothelial cells

subcultured for up to two passages were seeded onto glass

coverslips and allowed to grow for 48 h. The coverslip was

mounted on the stage of an inverted microscope equipped

with a 40� oil-immersion objective (Plan-Neofluar,

NA¼1.3; Carl Zeiss). Typically, a field with 5–7 cells was

randomly chosen and imaged. Cells were incubated in the

dark with 5 mM fluo-3 AM diluted in a physiological solution

(mM: NaCl 145, KCl 5, MgCl2 1, CaCl2 2, glucose 10 and

HEPES 10) adjusted to pH 7.4 with NaOH, for 50 min at room

temperature.

Following this period, the cells were washed four times

with a Ca2þ -free solution in which CaCl2 was omitted and

0.1 mM ethylene glycol-bis(b-aminoethyl ether) tetraacetic

acid (EGTA) was added. The absence of residual extracellular

calcium was confirmed by stimulating the cells with a,b-

methylene ATP (100 mM), a selective agonist of ionotropic

P2X receptors. Cells were then incubated with nominally

Ca2þ -free solution (no EGTA added) in which bradykinin

(0.1 mM), ATP (100 mM) or 2-methylthio ATP (30 mM) was

added in the absence or presence of melatonin (1 nM)

preincubated for 1 min (Tamura et al., 2006). The dye was

excited at 488 nm with an argon laser and the emitted

fluorescence was measured at 515–530 nm. Fluorescent

images were obtained every 0.2 s as a 512�512-pixel frame,

and all other settings including pinhole, scanning speed and

laser power remained the same for all experiments.

Data analysis and statistical procedures

Data from intravital microscopy are expressed as percent

variation from basal arteriolar diameter. The variation of

intracellular Ca2þ induced by agonists was measured for

3 min. Afterward, the fluorescence of each cell in the plate

was measured and a mean value of the plate was determined.

This value, expressed as arbitrary units, was used to calculate

the amplitude (peak) of the response for each plate (GraphPad

Prism 4.0 software; San Diego, CA, USA). Different cell

cultures (4–7) were used in this protocol. NO measurements

were also expressed as arbitrary units and each experimental

condition was evaluated in at least three different cell

cultures. Data are presented as mean7s.e.m. Unpaired

Student’s t-test or one-way analysis of variance (ANOVA)

followed by Newman–Keuls post hoc test were performed for

determining the significance of the differences between

experimental conditions, with Po0.05 considered significant.

Drugs, chemicals, reagents and other materials

The PECAM-1 monoclonal antibody conjugated with R-

phycoerythrin (anti-rat CD31) was purchased from BD

Pharmingen (Franklin Lakes, NJ, USA).

Melatonin, bradykinin, histamine, ATP, 2-methylthio ATP,

a,b-methylene ATP, EGTA and HEPES were purchased from

Sigma Chemical Co. (St Louis, MO, USA); luzindole (N-

acetyl-2-benzytryptamine), L-NAME and carbachol were

acquired from Tocris (Ballwin, MO, USA). DMEM, fetal

bovine serum and gentamicin reagent solution were pur-

chased from GIBCO BRL Products (Grand Island, NY, USA).

DAF-FM DA and fluo-3 AM were obtained from Molecular

Probes (Eugene). Sodium pentobarbital was purchased from

Cristália (São Paulo, Brazil).

Stock solutions were prepared in 5% acetic acid (10�2
M,

bradykinin), deionized water (10�2
M, histamine, L-NAME

and carbachol), 100% dimethylsulphoxide (DMSO) (10�3
M,

DAF-FM, fluo-3 AM), 100% ethanol (10�2
M, luzindole) or

20% ethanol (10�2
M, melatonin) and stored at �201C. The
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subsequent dilutions were made with one of the described

buffered physiological solutions depending on the protocol

used. ATP, 2-methylthio ATP and a,b-methylene ATP solu-

tions (10�2
M) were prepared daily using the respective

buffered physiological solutions. The final concentration of

the solvent was p0.1% (v/v) (except for DAF-FM, 0.2%

DMSO) and had no effect on the experiments.

Results

RT-PCR studies

Real time RT-PCR assays revealed, as expected, the presence

of mRNA for the enzyme AA-NAT in rat pineal gland, which

was used as a relative calibrator in this study (Fernandes

et al., 2006). The analysis of the data using the CT method

revealed a DCT value of 20.2770.87 (n¼3), 13.6370.48

(n¼3) and 25.270.73 (n¼5) for pineal gland (calibrator),

pineal gland stimulated with 0.1 mM noradrenaline (positive

control) and endothelial cells, respectively. The calculated

DDCT values for these samples were �6.6470.48 (n¼3) and

4.9370.73 (n¼5) for pineal glands stimulated with nora-

drenaline and endothelial cells, respectively, yielding accord-

ing to the equation 2�ðDDCTÞ a 99.7-fold relative Aa-nat mRNA

expression in treated pineal gland (range 71.5–139.1) and

0.033-fold in endothelial cells (range 0.019–0.054). A similar

assessment of hiomt mRNA expression disclosed a 0.015-fold

expression in endothelial cells (range 0.0078–0.0301; n¼5)

in relation to the calibrator. Therefore, endothelial cells from

three different cultures did not express the enzymes involved

in the biosynthetic pathway for melatonin. Furthermore, no

PCR product was detectable when the RT-PCR steps were

carried out with no added template, indicating that all

reagents were free of target sequence contamination. The

production of melatonin by endothelial cells or pineal

glands incubated with N-acetylserotonin (20 mM) for 5 h was

used as a test of HIOMT activity. Pineal glands produced

11376 ng per well (n¼5) of melatonin after 5 h of incuba-

tion, whereas no detectable melatonin was produced by

endothelial cells. Taking into account the determination of

hiomt gene expression and HIOMT enzyme activity, we

concluded that in this experimental model endothelial cells

did not synthesize melatonin.

In another experimental protocol, RT-PCR failed to detect

MT2 receptor mRNA transcript in cultured rat endothelial

cells (samples consisting of two different cultures obtained

from two animals), whereas a transcript of the expected

product size (202 bp) was detected in the positive control

(non-treated pineal glands) (Figure 1) (de Almeida-Paula

et al., 2005). The identity of the amplified fragment from

the pineal gland using the primers mentioned above was

confirmed previously by DNA sequence analysis (de Almeida-

Paula et al., 2005). As stated previously, no PCR product was

detected when the PCR steps were carried out without cDNA.

Intravital microscopy

Addition of bradykinin (1 mM for 2 and 5 min) induced a

significant increase, over basal values, in the arteriolar

diameter of third-order arterioles of rat mesentery, as

measured by intravital microscopy (Figure 2). The addition

of vehicle (phosphate buffered saline) caused no alteration in

relation to basal diameter (P¼0.36). Bradykinin-induced

vasodilation observed 2 or 5 min after addition was inhibited

by prior treatment with L-NAME (500 mM for 2 min), which

indicates that the agonist effect relies upon NO production.

Furthermore, pre-incubation of the tissue with melatonin

(1 nM) for 2 min completely abolished the vasodilator effect

of bradykinin, at both time points measured (Figure 2).

Nitric oxide measurements

Stimulation of cultured endothelial cells for 30 min with

histamine (10 mM) resulted in a significant increase of NO

production that was inhibited by co-incubation with 1 nM

Figure 1 RT-PCR analysis of MT2 melatonin receptor mRNA
expression in pineal gland (P; positive control) and two separate
cultures of endothelial cells (E1, E2). N¼negative control (no
template added); MW¼molecular weight standards. RT-PCR tran-
scripts were obtained in two independent PCR steps and separated
by electrophoresis in agarose gel (see Methods).

Figure 2 Effects of melatonin on L-NAME-sensitive, bradykinin-
induced, rat arteriolar vasodilation. Arteriolar diameter (mean basal
diameter: 19.2mm) was measured 2 (clear bars) and 5 min (grey
bars) after vehicle, bradykinin (BK, 1mM), L-NAME (500mM) or
melatonin (Mel, 1 nM). The effect of BK was determined in the
absence or presence of L-NAME or Mel which were added 2 min
before and maintained throughout the exposure to BK. Data are
expressed as mean7s.e.m. of the individual measurements indi-
cated in the columns. Different letters indicate significant differences
between the experimental conditions (Po0.05; ANOVA, followed by
Newman–Keuls test). The number of rats per group was vehicle (7),
BK (8); L-NAME (2) and Mel/BK (6).
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melatonin (Figure 3a). To investigate if this effect of

melatonin was mediated by a G-protein coupled MT

melatonin receptor, we preincubated cells for 1 h with the

nonselective MT receptor antagonist, luzindole (10 mM) and

then added histamine (10 mM) and melatonin (1 nM) in the

continued presence of luzindole (10 mM) for another 30 min.

As shown in Figure 3a, luzindole did not prevent the

melatonin effect, suggesting that it is not a receptor-

mediated action. Using a protocol similar to the one just

described, we found that the muscarinic agonist carbachol

(100 mM) also induced NO production by endothelial cells

that was sensitive to inhibition by 1 nM melatonin

(Figure 3b) but was not altered by luzindole (10 mM; data

not shown). However, when we used the P2 receptor agonist

ATP (100 mM), we found that neither melatonin (1 nM) nor its

analogue N-acetylserotonin (0.1 nM; data not shown) inhib-

ited agonist-induced NO production (Figure 3c), even

though this production was sensitive to the P2 receptor

antagonist, suramin (300 mM; Figure 3c). As ATP at this

concentration activates both the ionotropic P2X and the

metabotropic P2Y receptors and suramin is a nonselective

antagonist, we performed other experiments using a,b-

methylene ATP (100 mM), an agonist selective for P2X

receptors, and 2-methylthio ATP (30 mM), an agonist of P2Y

receptors (Burnstock, 2006). The addition of each of these

agonists for 30 min also induced NO production by en-

dothelial cells, to an extent similar to that induced by 100 mM

ATP (Figure 4). However, only the effect of 2-methylthio ATP

was inhibited by 1 nM melatonin; in this case 10 mM luzindole

also did not alter the effect of melatonin, as observed for

histamine and carbachol and, as observed previously, for

bradykinin (Tamura et al., 2006). Therefore, we can assume

that the lack of effect of melatonin on ATP-mediated NO

production reflects the activation of P2X receptors.

Intracellular Ca2þ measurements

Since eNOS activation depends on the Ca2þ -calmodulin

complex and rat endothelial cell NO production induced by

agonists of G-protein coupled receptors was inhibited by

1 nM melatonin, we investigated the possibility that melato-

nin could be interfering with intracellular Ca2þ mobiliza-

tion. For this purpose, we performed another set of

experiments in a nominally Ca2þ -free solution (see Meth-

ods), using confocal laser-scanning microscopy.

Because, in our system, bradykinin and ATP are agonists

sensitive and insensitive to the action of melatonin,

respectively, we stimulated cells with bradykinin (0.1 mM) or

ATP (100 mM) to induce a maximal increase in Ca2þ (Moccia

et al., 2001; Tamura et al., 2006) in the absence or presence of

melatonin (1 nM), added 1 min before the agonist. The

addition of melatonin or vehicle alone did not cause any

alteration of resting intracellular Ca2þ levels. As illustrated

in Figure 5a, we measured the fluorescence for 30 s and then

added bradykinin, which induced a rapid (within 30 s) and

transient increase of intracellular Ca2þ concentration (peak:

13987188 arbitrary units, n¼7), which declined completely

to the pre-stimulatory level. However, the amplitude of this

Ca2þ transient was reduced by melatonin (8537109 arbi-

trary units, n¼8; P¼0.022, Student’s t-test). No significant

alteration in the one phase exponential decay rate of this

Ca2þ transient was observed (5278 and 4075 s in the

absence or presence of melatonin, respectively). The ATP-

induced increase in Ca2þ was also transient with a peak

value of 10917135 arbitrary units (n¼8) but it was not

altered by melatonin (8947101, n¼8) (Figure 5b). In these

experimental conditions, the P2X agonist a,b-methylene ATP

Figure 3 Effects of melatonin on agonist-induced nitric oxide
production by endothelial cells. Data are expressed as mean and
s.e.m. (a) histamine 10mM (His, n¼18), melatonin 1 nM (Mel,
n¼18), luzindole (Luz, n¼15). *Po0.01 vs basal (n¼18);
**Po0.01 vs histamine (one-way ANOVA), from four different
cultures. (b) carbachol 100mM (CCh, n¼10), melatonin 1 nM

(Mel, n¼13). *Po0.01 vs basal (n¼11); **Po0.01 vs carbachol
(one-way ANOVA), from three different cultures. (c) ATP 100mM

(n¼14), melatonin 1 nM (Mel, n¼13), suramin 300 mM (Sur, n¼6).
*Po0.01 vs basal (n¼12) and **Po0.05 vs ATP alone (one-way
ANOVA), from three different cultures (except for Sur; two cultures).
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(100 mM) did not increase fluorescence (n¼20 cells), demon-

strating the absence of any residual extracellular Ca2þ

(Figure 5b). Considering the functional identification of

P2X and P2Y receptors in these cultured endothelial cells

and that only the effect of 2-methylthio ATP upon NO

production was inhibited by melatonin, we repeated the

protocol using this agonist. As expected, in nominally

Ca2þ -free solution, the activation of the P2Y receptor with

2-methylthio ATP (30 mM) induced an increase in the

cytosolic concentration of Ca2þ consistent with Ca2þ

mobilization. The amplitude of the response (496753,

n¼17 cells) was reduced by pretreatment with melatonin

(1 nM) (191733, n¼16 cells; P¼0.001 Student’s t-test).

Furthermore, the peak value in this condition was delayed

in relation to the control condition (5175 s vs 101715 s,

respectively, P¼0.001 Student’s t-test) (Figure 5c).

As both bradykinin and ATP have each been shown to

mobilize Ca2þ from intracellular pools, we assessed the

effects of successive addition of these agonists in a nominally

Ca2þ -free medium on their capacity to mobilize Ca2þ

(Moccia et al., 2001). As depicted in Figure 6a, the first

addition of bradykinin (0.1 mM) induced a transient increase

in intracellular Ca2þ . However, the subsequent application

of ATP (100 mM), 6 min later, caused only a small transient

increase in Ca2þ . The same pattern was observed when we

first added ATP and then bradykinin (Figure 6b), suggesting

that part of the Ca2þ mobilized by these agonists comes

from different intracellular stores.

Discussion

In the present study, we report that melatonin inhibited NO

production triggered by increasing intracellular Ca2þ

through stimulation of some G-protein coupled receptors,

but not through the opening of receptor-operated ion

channels. This effect, characterized in cultured rat endothe-

lial cells, was also relevant for the control of arteriolar tone.

We have previously shown that melatonin acting on

endothelial cells can partially inhibit the rolling and

adherence of neutrophils (Lotufo et al., 2001). These effects

are mediated by MT2 and MT3 receptors, respectively, since

rolling was inhibited by the partial agonist of melatonin MT2

receptor, 4P-PDOT, whereas adherence was inhibited by

N-acetylserotonin and 5-methoxy-carbonylamino-N-acetyl-

tryptamine (5-MCA-NAT), agonists for the putative melato-

nin MT3 receptor. However, the pharmacological profile for

Figure 4 Investigation of the effects of melatonin on endothelial
cell nitric oxide production induced by agonists of P2 receptors. Data
are expressed as mean and s.e.m. 2-Methylthio ATP 30 mM

(2MeSATP, n¼10), 2-methylthio ATP/melatonin 1 nM (Mel,
n¼11), 2-methylthio ATP/melatonin/luzindole 10mM (Luz, n¼8),
a,b-methylene ATP 100mM (a,b MeATP, n¼9), a,b-methylene ATP/
melatonin (n¼9). *Po0.01 vs basal; **Po0.01 vs 2-methylthio ATP
(one-way ANOVA).

Figure 5 Melatonin effect upon 0.1 mM bradykinin- (a), 100mM

ATP- (b) and (c) 30mM 2-methylthio ATP-induced increase of Ca2þ

in cultured endothelial cells in nominally Ca2þ -free solution. The
agonists were added at 30 s. In (a) and (c), the upper and lower
traces represent data obtained in the absence and presence of
melatonin, respectively. In (b), the upper trace represents data
obtained in the absence of melatonin, the middle trace represents
data obtained in the presence of melatonin and the lower
trace represents the stimulation of endothelial cells with 100mM

a,b-methylene ATP (n¼20 cells). Data are expressed as mean
(c; n¼16–17 cells) or mean and s.e.m. (a; n¼7–8 cultures, b;
n¼8 cultures). See Methods for details.
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inhibition of bradykinin-induced eNOS activation is quite

different, since it is not modified by 4P-PDOT or 5-MCA-NAT

and is not prevented by the competitive antagonist luzin-

dole, suggesting that melatonin could modulate eNOS

activity by a mechanism independent of activation of

membrane receptors (Tamura et al., 2006).

As endothelial cells have been considered a putative extra-

pineal source of melatonin (Kvetnoy, 1999), and such an

endogenous production of melatonin could interfere with

the pharmacological profile of melatonin analogues, we

decided to evaluate if these cells could produce melatonin

in vitro. Our experiments ruled out this possibility because we

did not detect expression of the genes for the enzymes

involved in the melatonin biosynthetic pathway (AA-NAT

and HIOMT, Simmonneaux and Ribelayga, 2003) and the

endothelial cells were not able to convert N-acetylserotonin

to melatonin, the reaction catalysed by HIOMT.

The pharmacological profile of melatonin analogues

suggested that the in vivo effect on leukocyte rolling, but

not the in vitro effect on NO production, was mediated by

MT2 receptors (Lotufo et al., 2001; Tamura et al., 2006). Data

concerning the expression of MT2 melatonin receptors in

endothelial cells are scarce (Masana et al., 2002). Although

the MT2 melatonin receptor was reported in the intima layer

of the rat tail artery (Masana et al., 2002), in our experiments,

no transcription of the gene for this receptor was detected in

cultured endothelial cells, in spite of the positive transcrip-

tion observed in rat pineal gland. This discrepancy between

in vivo and in vitro models could be related to a change in

phenotype (Lang et al., 1999). In addition, the vascular

endothelium, which plays an integral role in the regional

specialization of vascular structures, is a highly heteroge-

neous tissue (Stevens et al., 2001; Frid et al., 2004; Kimura

et al., 2004). Therefore, although we have used primary

cultured endothelial cells to minimize any phenotypic

alteration, we cannot rule out the possibility that the lack

of expression of MT2 melatonin receptors is a particular

feature of these cultured microvascular endothelial cells.

Furthermore, both the functional and biochemical data in

cultured endothelial cells indicate that melatonin acts

independently of melatonin membrane receptor activation

(Tamura et al., 2006; present paper). Since melatonin is a

lipid-soluble molecule, it could easily enter the cell and be

converted by the enzyme indoleamine 2,3-dioxygenase,

expressed in endothelial cells (Beutelspacher et al., 2006),

to an active metabolite (N-acetyl-5-methoxykynurenine;

Ximenes et al., 2001), which was recently shown to inhibit

striatal neuronal NOS (Léon et al., 2006).

Our in vivo data reinforce the importance of melatonin in

regulating arteriolar vasodilation induced by NO, as melato-

nin inhibits both bradykinin (present work) and shear stress-

induced vasodilation (Geary et al., 1998). Interestingly, a

day–night variation of endothelium-dependent vasodilation

induced by acetylcholine, accompanied by changes in

plasma levels of NO (15.5378.42 and 10.8774.70 mmol l�1,

at 16 and 4 h, respectively), has been described in humans

(Elherik et al., 2002). Whether these vascular alterations

correlate with daily variation of serum melatonin or not

remains to be established.

We also evaluated whether the inhibitory effect of

melatonin on NO production by endothelial cells, induced

by bradykinin occurred with other known activators of

endothelial NO production. We found that melatonin (1 nM)

also inhibited NO production induced by carbachol and

histamine, and in both cases luzindole (10 mM) did not

prevent the effect of melatonin. This lack of effect of

luzindole corroborated RT-PCR data in which no MT2

melatonin receptor was detected in rat endothelial cells

and also discarded a MT1-mediated effect of melatonin. By

contrast with agonists such as bradykinin, histamine and

carbachol, ATP-induced NO production was not modified by

melatonin, indicating that its inhibitory effect was not due

to a general, nonspecific mechanism, such as a putative

scavenger effect of melatonin upon NO (Noda et al., 1999).

Considering that ATP activates P2X ligand-gated ion

channels and G-protein coupled P2Y receptors, and that

several subtypes of each family are present in endothelial

cells (Marrelli, 2001; Buvinic et al., 2002; Ramirez and Kunze,

2002; Volonte et al., 2006), we tested the possibility that

melatonin would discriminate between them. The agonists

used, 2-methylthio ATP and a,b-methylene ATP, have been

shown to stimulate NO-production in endothelial cells

Figure 6 Effect of sequential stimulation of endothelial cells with
Ca2þ mobilizing agonists in nominally Ca2þ -free solution. (a)
0.1mM bradykinin (upper trace) was added at 30 s and, after
6 min, 100mM ATP was added and the increase in fluorescence
recorded (lower trace). (b) 100mM ATP (upper trace) was added at
30 s. Then 6 min later, 0.1mM bradykinin was added and the increase
in fluorescence recorded (lower trace). Data are expressed as means
from 35 and 33 cells for (a) and (b), respectively, from three
experiments performed with two different cultures. The s.e.m. value
was omitted for clarity from upper traces.
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through P2Y1 (Marrelli, 2001; Buvinic et al., 2002) and

P2X4 receptors (Burnstock, 2006; Yamamoto et al., 2006),

respectively. In the present study, melatonin inhibited 2-

methylthio ATP-, but not a,b-methylene ATP-induced pro-

duction, suggesting that only the production of NO induced

by stimulation of P2Y1 receptors was blocked by melatonin.

Endothelial NOS activation depends on Ca2þ -calmodulin

binding, although post-translational modifications may

further stimulate the enzyme (Govers and Rabelink, 2001;

Venema, 2002; Bauer et al., 2003; Fleming and Busse, 2003;

Kone et al., 2003). Melatonin binding to calmodulin

(Benitez-King et al., 1993; Romero et al., 1998) has been

proposed to be responsible for the reduction in rat cerebel-

lum NOS activity induced by this indoleamine, in a non-

saturable manner (Pozo et al., 1997). However, this was not

confirmed in cultured endothelial cells, as melatonin did not

mimic the effect of calmidazolium (Tamura et al., 2006).

We further explored the role of melatonin in calcium

mobilization in these cells. In endothelial cells, the increase

in intracellular Ca2þ is the sum of intracellular Ca2þ

mobilization from thapsigargin-sensitive stores and Ca2þ

influx (Oike and Ito, 1997; Cioffi et al., 2003). The disruption

of Ca2þ mobilization from intracellular stores reduces

bradykinin-induced cGMP production, emphasizing the

relevance of the mobilization of internal stores (Gosink

and Forsberg, 1993). Since bradykinin, carbachol, histamine

and 2-methylthio ATP activate G-protein coupled receptors,

inducing intracellular Ca2þ mobilization, and all have their

effect inhibited by melatonin, we investigated if melatonin

could somehow impair Ca2þ mobilization. We found that in

nominally Ca2þ -free solution, the maximally effective

concentrations of bradykinin, ATP and 2-methylthio ATP

induced a transient elevation of intracellular Ca2þ . In

addition, ATP, a non-selective agonist for P2Y receptors,

elicited a higher signal than 2-methylthio ATP, whose effects

are probably mediated by P2Y1 receptors, as described

previously by Moccia et al. (2001).

Melatonin had a similar effect on bradykinin and 2-

methylthio ATP-induced Ca2þ responses in reducing the

peak response; however, with 2-methylthio ATP, the onset of

the Ca2þ response was delayed. Melatonin did not signifi-

cantly reduce the amplitude of the response to ATP. In these

cells, Ca2þ pools sensitive to bradykinin and ATP do not

seem to overlap completely. We observed that two sequential

stimulations with bradykinin resulted in the loss of an

intracellular Ca2þ increase (data not shown), whereas a

second stimulus with bradykinin after ATP or vice versa, still

elicited a signal. Therefore, ATP and bradykinin seem to

mobilize partially overlapping pools of Ca2þ .

Although bradykinin and ATP share the capacity of

mobilizing intracellular Ca2þ stores, they differ in activation

of eNOS in other regulatory aspects. For instance, treatment

of cultured aortic endothelial cells with inhibitors of PKC

abolished L-NAME-sensitive cGMP production induced by

ATP, but not that induced by bradykinin (Castro et al., 1998).

In addition, phosphorylation of the Ser617 and Ser635

residues of eNOS mediated by PKA in response to bradykinin

and ATP in bovine aortic endothelial cells are quantitatively

different (Michell et al., 2002). Finally, it was also proposed

that bradykinin and ATP activate different pools of eNOS

(Wagner et al., 2002). We have shown that in the presence of

high extracellular Ca2þ , melatonin did not alter the

intracellular Ca2þ increase induced by bradykinin, thereby

discarding an effect of melatonin on Ca2þ influx (Tamura

et al., 2006). Therefore, we propose that the reduced Ca2þ

mobilization induced by bradykinin (and 2-methylthio ATP)

observed in the presence of melatonin may impair NO

production in vitro and also in vivo by a not yet defined

mechanism. Melatonin is known to inhibit Ca2þ mobiliza-

tion from intracellular stores, albeit in another cell type (rat

gonadotrophs) and without a fully defined mechanism of

action (Vanecek, 1998; Dubocovich and Markowska, 2005).

Bradykinin, ATP and histamine are involved in mechan-

isms such as immune responses, inflammation and endothe-

lial-mediated vasodilatation, with some of these actions

being mediated by NO (Hill et al., 1997; Kunapuli and

Daniel, 1998; Leeb-Lundberg et al., 2005; Burnstock, 2006).

In addition, an immunomodulatory role of melatonin has

been proposed (Lopes et al., 1997; Pontes et al., 2006). Thus,

bearing in mind that (a) endothelial-derived NO mediates

neutrophil adherence (Schaefer et al., 1998); (b) L-NAME

inhibits vascular permeability induced by vascular endothe-

lial growth factor (Murohara et al., 1998); (c) caveolin-1

knockout mice exhibit an increased vascular permeability

(Schubert et al., 2002); and (d) mesenteric and cremaster

microvascular hypermeability is blunted in eNOS knockout

mice (Hatakeyama et al., 2006), we could propose that eNOS-

derived NO is linked to the early steps of the inflammatory

response and that melatonin would also regulate this

function. We have already shown that low doses of

melatonin inhibit paw oedema in a model of chronic

inflammation in mice (Lopes et al., 1997) and vascular

permeability induced by leukotriene B4 (Lotufo et al., 2006).

In conclusion, we have shown that melatonin inhibited

NO production triggered by increasing intracellular Ca2þ

through stimulation of some G-protein coupled receptors,

but not through the opening of receptor-operated ion

channels. In addition, this effect was shown to be relevant

to modulation of arteriolar vasodilation in vivo and could be a

mechanism underlying circadian variation of vascular tone.
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